FREQUENCY (FRQ) and the White Collar Complex (WCC), consisting of WC1 and WC2 subunits, are crucial components of positive and negative feedback loops of the circadian clock of Neurospora. In the positive limb, FRQ supports the accumulation of WC1 on a post-translational level and activates transcription of wc2. We analysed the transcriptional regulation of wc2. The WCC indirectly inhibits wc2 by controlling expression of a putative repressor. FRQ activates wc2 transcription by inhibiting WCC. A putative transcriptional activator binds to the wc2 promoter and antagonizes the repressor function. Furthermore, an internal promoter in the wc2 coding region drives expression of an amino-terminally shortened isoform, sWC2. Full-length WC2 and sWC2 are expressed in an antagonistic manner; thus, sWC2 expression seems to be a fail-safe mechanism that maintains total WC2 levels above a threshold.
INTRODUCTION
Circadian clocks are time-keeping devices that organize the rhythmic expression of a large number of genes. They allow organisms to adapt their physiology and behaviour in anticipation of daily changes associated with rotation of the earth. Circadian clocks generate an endogenous, cell-autonomous rhythm of about 24 h that is synchronized with the astronomical day by environmental cues such as light and temperature. Circadian oscillations in eukaryotes are based on interconnected feedback loops on a transcriptional, translational and post-translational level Ko & Takahashi, 2006; Liu & Bell-Pedersen, 2006; Gallego & Virshup, 2007) . The network of feedback loops is organized in a similar manner in fungi (Neurospora), insects (Drosophila) and vertebrates (mice). In the core of the clock is a heteromeric PAS domain-containing transcription factor that drives clock output by directly and indirectly activating transcription of clock-controlled genes.
In mice, CLOCK/BMAL1 activates transcription of Period 1/2 and Cryptochrome 1/2 (Per and Cry, respectively), and of the nuclear receptor genes Rev-erba and Rora. PERs and CRYs inhibit CLOCK/BMAL1 activity (Ko & Takahashi, 2006) , whereas Rev-erba and Rora encode a transcriptional repressor and activator of the Bmal1 gene, respectively (Preitner et al, 2002; Sato et al, 2004) . In Drosophila, CLOCK/CYCLE (dCLK/CYC) activates transcription of per and timeless (tim), and that of vrille (vri) and pdp1 (Bae & Edery, 2006) . PER and TIM inhibit dCLK/CYC, whereas vri and pdp1 encode a repressor and activator of dClk transcription, respectively (Cyran et al, 2003) .
In Neurospora, WHITE COLLAR 1 (WC1) and WC2 form the WC complex (WCC), a circadian transcription factor and light receptor (Dunlap & Loros, 2004; Liu & Bell-Pedersen, 2006) . The WCC activates transcription of frequency (frq), which encodes an inhibitor of WCC activity. The WCC supports transcription of wc1 and thereby forms a positive loop stabilizing the clock .
Less is known about the transcriptional organization of the wc2 gene. Genetically, wc1 is a repressor and frq an activator of wc2 (Cheng et al, 2001 (Cheng et al, , 2003 ; however, the molecular basis of this regulation is not known. Here, we have characterized the wc2 promoter region and analysed the regulation of wc2 transcription. Our data indicate that the WCC represses wc2 transcription indirectly by activating expression of an unidentified repressor. FRQ inactivates the WCC and thereby activates wc2 transcription by repressing expression of the repressor, similar to the regulation of Rev-erba and Vrille described above. In addition, a transcriptional activator supports transcription of wc2 independent of WCC and FRQ. Furthermore, we identified a promoter in the coding region of wc2, which directs expression of an amino-terminally truncated, partly functional isoform of WC2.
RESULTS

The wc2 gene contains several transcription start sites
The wc2 gene is located on chromosome I, 2.6 kb downstream from the uvs6 gene, which encodes a homologue of yeast RAD50. The genes are arranged in a head-to-head orientation (Fig 1A) . To identify transcription start sites (TSSs), we performed 5 0 RNA ligase-mediated rapid amplification of complementary DNA ends (5 0 RLM-RACE; Table 1 ; Fig 1A) . Seven TSSs for wc2 were identified in the region between À370 and À1,080 bp and deviate only slightly from the consensus mammalian initiator sequence YYANT/AYY ( Javahery et al, 1994) . The broad region containing several TSSs might be due to the absence of a TATA-box (Carninci et al, 2006) . The TSSs of uvs6 were at À139 and À204. As the minimal distance between TSSs of uvs6 and wc2 is only 1,372 bp, expression of the two genes could be mutually affected by each other.
We performed 5 0 -deletion analysis of the wc2 promoter to identify cis-regulatory elements. wc2 genes containing 2.2 kb (P 2.2), 1.2 kb (P 1.2) and 0.6 kb (P 0.6) upstream from the open reading frame (ORF) were integrated in a site-specific manner at the chromosomal his3 locus of a Dwc2 strain (Fig 1B) . Quantitative RNA and Western blot analysis showed no differences in the expression of wc2 and WC2 between P 2.2, P 1.2 and P 0.6, suggesting that the main promoter activity is located within 0.6 kb upstream from the ORF. In accordance, a construct lacking this region (P 1.2-0.6) supported expression of only low levels of WC2 (Fig 1C) . Furthermore, only residual amounts of WC2 were expressed under the control of a fragment corresponding to À3,200 to À1,300 (data not shown). In conclusion, positions À483 and/or À370 seem to be the main TSSs of the wc2 gene.
WC1 and FRQ regulate wc2 transcription indirectly
Genetic analysis has indicated that wc1 acts as a transcriptional repressor and frq as an activator of wc2 (Cheng et al, 2001 (Cheng et al, , 2003 . As the underlying mechanisms are not known, we analysed the levels of clock proteins and wc2 RNA in wild-type (wt), Dfrq and Dwc1 strains (Fig 2A,B) . As expression levels of FRQ and WC1 are mutually dependent on each other, we also generated and analysed Dfrq and Dwc1 strains that express FRQ constitutively under the control of the b-tubulin promoter. The levels of WC1 were reduced in Dfrq and elevated in the Dfrq;tub-frq strain (Fig 2A) , confirming that FRQ supports WC1 expression in a positive feedback loop (Lee et al, 2000; Káldi et al, 2006) . WC2 levels were low in Dfrq and high in Dfrq;tub-frq, Dwc1 and Dwc1;tub-frq (Fig 2A) . Compared with wt, wc2 RNA levels were reduced twofold in Dfrq, normal in Dfrq;tub-frq and elevated 2.7-fold in Dwc1 and in Dwc1;tub-frq (Fig 2B) . These data confirm that wc1 genetically acts as a repressor and frq as an activator of wc2. In addition, the data show that frq affects wc2 transcription only in the presence of WC1. As WC1 accumulates only in complex with WC2 (Cheng et al, 2002) and as FRQ is a negative regulator of the WCC, our data suggest that FRQ activates wc2 transcription through inactivation of the WCC. Regulation and function of white collar 2 and its isoforms A. Neiss et al Although the basic promoter activity is located within 0.6 kb upstream from the wc2 ORF, regulatory elements could be located further upstream. As repression of wc2 is maximal in the absence of FRQ, we transformed a Dwc2 Dfrq strain with wc2 promoter constructs of different length (P 3.2, P 2.2, P 1.9, P 1.5 and P 1.2) to identify the location of repressing elements ( Fig 2C, black  columns) . To identify the location of activating elements, the wc2 constructs were expressed in a Dwcc strain (Fig 2C, grey columns) , as activation of wc2 transcription is maximal in the absence of WC1. For control, a Dwc2 strain was transformed with the wc2 constructs to mimic the wt situation ( Fig 2C, white columns) , as all three clock proteins (FRQ, WC1 and WC2) are expressed in this strain. When these strains were transformed with P 3.2 and P 2.2, wc2 was regulated in the same manner as endogenous wc2 RNA (Fig 2C) . With the shorter constructs P 1.9 and P 1.5, wc2 RNA levels were still reduced in FRQ-deficient strains but no longer elevated in WC1-deficient strains, indicating that the truncated promoter retained the repressing element but was lacking an activating element (Fig 2C) . This suggests that a transcriptional activator might bind between À1.9 and À2.2 kb. Despite the lack of the activating element, wc2 transcription under the control of P 1.9 and P 1.5 was not significantly reduced in the transformed Dfrq and Dwcc transformed with P 3.2, P 2.2, P 1.9, P 1.5 and P 1.2 constructs (means±s.e.m. of 4-13 experiments). All strains were harvested at DD24 (constant darkness for 24 h). (D) Site-directed mutagenesis of distal (dist) and proximal (prox) GATG repeats in the WCC-responsive region of the wc2 promoter. (E) wc2 RNA levels at DD24 in Dwc2, Dwc2 Dfrq and Dwcc transformed with P 2.2 (P wt) or P 2.2 mut dist þ prox (means ± s.e.m. of four experiments). DD, constant darkness; FRQ, FREQUENCY; WC, WHITE COLLAR; WCC, White Collar Complex.
Regulation and function of white collar 2 and its isoforms A. Neiss et al control strain (Fig 2C, white columns) , suggesting that the repressor, which is controlled by the WCC, is not abundant in strains that also express FRQ, which inhibits the WCC. When the promoter was further truncated (P 1.2), wc2 RNA levels in FRQdeficient and WC1-deficient strains were similar to those in wt control. Accordingly, the target for the repressor of wc2 is located between À1.5 and À1.2 kb. Thus, wc2 transcription is regulated by an activator and a repressor that bind to distinct regions. In a wt situation, the repressor and activator are obviously balanced such that they functionally neutralize each other.
As the repressor and activator are not known, we investigated whether the WCC could directly regulate wc2 transcription. So far, WCC has been described as a transcriptional activator; however, it is possible that WCC directly acts as a transcriptional repressor of wc2. Alternatively, WCC could act indirectly by activating expression of a putative repressor of wc2.
The WC proteins are GATA-type zinc-finger proteins, which bind to tandem GATN repeats spaced by 5-17 bp (He & Liu, 2005) . We identified putative WCC binding sites about 2 and 1.26 kb upstream from the wc2 coding region (Fig 2D) . Assuming that WCC could use similar sites for transcriptional activation and repression, we destroyed these GATN repeats by site-directed mutagenesis. Dwc2, Dwc2 Dfrq and Dwcc strains were transformed with either P 2.2 or P 2.2mut and wc2 RNA was measured (Fig 2E) . No obvious difference was observed between the strains harbouring and those lacking the distal and proximal GATN repeats, indicating that neither activation nor repression of wc2 was dependent on the GATN repeats. The same results were obtained when the sites were mutated individually (data not shown). Thus, WCC does not bind to these sites to directly regulate wc2 transcription. These data suggest that WCC supports expression of a repressor of wc2, whereas expression of the activator is independent of WCC. However, the formal possibility that WCC binds to totally unrelated sequences cannot be excluded.
WC2 isoforms
Analysis of wt, Dfrq and Dwc1 showed, in addition to full-size WC2, shorter WC2 reactive bands of about 52 kDa (indicated by an asterisk) and 44 kDa (sWC2) that were absent in a Dwc2 strain (Fig 3A) . The 52 kDa band corresponds to a carboxy-terminally truncated proteolytic cleavage product of WC2 ( supplementary  Fig 1 online) . This cleavage product is, in particular, prominent in Dwc1-that is, when WC2 is highly expressed and its assembly partner is absent (Fig 3A) .
By contrast, the levels of sWC2 were reduced when full-size WC2 was highly expressed (Dwc1) and elevated when full-size WC2 levels were low (Dfrq ; Fig 3A) . To characterize the sWC2 isoform, we constructed Dwc2 strains that express N-and C-terminally tagged versions of WC2. One strain, P 2.2 wc2-DHFR, expressed a WC2 fusion protein with a C-terminal DHFR domain ( Fig 3B) ; the strain did not express sWC2. Instead, a larger protein corresponding to sWC2-DHFR was detected. Both WC2-DHFR and sWC2-DHFR were phosphorylated. The second strain, qa2-TAP-wc2, expressed a WC2 fusion protein with an N-terminal TAP tag under the control of the inducible qa2 promoter ( Fig 3C) ; sWC2 was expressed in this strain. Together, the data show that sWC2 is an N-terminally truncated version of WC2. Expression of TAP-WC2 was dependent on quinic acid (QA), an inductor of the Regulation and function of white collar 2 and its isoforms A. Neiss et al qa2 promoter (Fig 3C, left lane) . However, expression of sWC2 was independent of QA ( Fig 3C, right lane) , suggesting that a constitutive promoter is located in the 5 0 -region of the wc2 ORF. To test this hypothesis, we analysed wc2 RNA by 5 0 RLM-RACE. The analysis showed three closely spaced TSSs in the second exon of wc2 (Table 1 ; Fig 3D) , indicating the presence of an internal promoter (P int-wc2 ). The TSSs were located upstream from two closely spaced in-frame ATG codons (codons 127 and 133 of WC2). The corresponding ORFs have the ability to encode shortened WC2 isoforms of about 44 kDa, which is in good agreement with the electrophoretic mobility of sWC2.
To characterize the regulation of WC2 versus sWC2 expression, we compared the levels and ratio of the WC2 isoforms expressed under the control of P 0.6 and P 1.2-0.6 (Fig 3E) . Expression of WC2 was high in P 0.6 and low in P 1.2-0.6, in which the main TSSs of the wc2 promoter were present and absent, respectively. In contrast, expression of sWC2 was low in P 0.6 and high in P 1.2-0.6, indicating that the isoforms were expressed in an antagonistic manner.
The same results were obtained when wc2 RNA was measured. The probe used to quantify wc2 RNA by real-time reverse transcription-PCR (Figs 1,2) was specific to the first exon (E1)-that is, it detected specifically the long transcripts initiated at the promoters upstream from the wc2 ORF (P wc2 ). To characterize the transcriptional organization of wc2 in more detail, we used a probe that was specific to the second exon (E2), which detects transcripts initiated at P wc2 as well as transcripts of P int-wc2 . The levels of E2-containing RNA (P wc2 þ P int-wc2 ) were less affected by FRQ and WC1 ( supplementary Fig 2A online) . Thus, the factor between maximal repression (Dfrq) and maximal induction (Dwc1) is 3.3 for P wc2 þ P int-wc2 transcripts, as compared with 6.5 for P wc2 transcripts (Fig 3F) . Together, the data suggest that P wc2 transcription interferes with transcription initiation at the downstream located P int-wc2 . In strains harbouring the promoterless wc2 gene, swc2 RNA levels were independent of FRQ or WCC (supplementary Fig 2B online) .
For further analysis, we generated strains that expressed fulllength WC2, sWC2 or both proteins (Fig 4A) . To generate the gene that encodes only full-length WC2, we changed the Met codons 127 and 133 to Leu codons. The corresponding strain (P 2.2 M/L) expressed only full-length WC2 and showed, similar to wt, a freerunning period of 21.5 h (Fig 4A,B) , suggesting that full-length Regulation and function of white collar 2 and its isoforms A. Neiss et al WC2 is sufficient to support a circadian oscillation with a period similar to that of wt.
To generate a strain expressing sWC2, a Dwc2 strain was transformed with the promoter-less, intron-containing wc2 ORF (ORFi). The strain expressed specifically sWC2 but not full-length WC2 (Fig 4A) , indicating that sWC2 is expressed under the control of an internal promoter. When Met 127 and Met 133 in the ORFi construct were changed to Leu, sWC2 was not expressed (Fig 4A) . The ORFi strain expressed almost normal levels of WC1, whereas WC1 did not accumulate in the ORFi M/L strain (Fig 4A, lower  panel) . This indicates that sWC2 assembles with WC1. ORFi showed a long-period (25 h) of rhythmic conidiation pattern on race tubes that dampened after several days in darkness (Fig 4B) . Under entrained conditions (12h/12 h light-dark cycles), ORFi showed a robust rhythm (data not shown). The peak of conidiation (phase) of ORFi was delayed by 2.2 h compared with wt, which is also indicative of a long-period rhythm. Finally, we overexpressed sWC2 under the control of the cpc1 promoter in Dwc2 or wt (Fig 4C) . Both strains were rhythmic in constant darkness (DD) and showed a long-period (25 h) phenotype (Fig 4D) . The data confirm that sWC2 is partly functional and competes with WC2.
DISCUSSION
WC1 and WC2 are crucial components of the circadian clock of Neurospora. Here we analysed the transcriptional organization of the wc2 gene. Transcription of wc2 is initiated at several sites in the region between À370 and À1,080 with respect to the wc2 start codon. The main initiation sites are at À370 and/or À483. WC1, which activates its own expression , represses transcription of wc2 (Cheng et al, 2003; this work) . As WC1 is degraded in the absence of WC2 (Cheng et al, 2002) , both functions are exerted by the WCC rather than by WC1 alone. In frq-deficient strains, the levels of WCC are low but the transcription factor is highly active. The levels of wc2 RNA were low in Dfrq, confirming that WC1 represses wc2 transcription independently of FRQ (Cheng et al, 2003) and indicating that wc2 transcription is highly repressed when the WCC is active as a transcriptional activator. FRQ is genetically an activator of wc2 and it has been suggested that FRQ might activate wc2 transcription independent of WC1 (Cheng et al, 2003) . However, our data show that FRQ activates wc2 transcription only in the presence of the WCC, implying that FRQ exerts its activating function indirectly by inhibiting the activity of the WCC. We have shown that the wc2 promoter region does not contain functional binding sites for WCC. Rather, the WCC might support expression of a transcriptional repressor of wc2. Our results can be summarized in the following model (Fig 5) . wc2 transcription is balanced by an activator and a repressor that bind to distinct sites. When FRQ is absent or low, active WCC supports expression of elevated levels of the repressor and thus wc2 transcription is repressed. When FRQ is present (wt), it inactivates WCC by mediating its phosphorylation (Schafmeier et al, 2005 and hence expression of the repressor is attenuated, such that the repressor and activator functionally neutralize each other. In the absence of WCC (Dwc1), repressor levels are low and the wc2 gene is transcribed under the control of the activator, which is expressed independently of WCC and wc2 transcription is elevated. The transcriptional feedback might contribute to maintain stable expression levels and the ratio of WCC and WC2.
The proposed transcriptional organization of wc2 is reminiscent of the regulation of Bmal1 in mammals and dClock (dClk) in flies: in mice, CLOCK/BMAL1 (functionally equivalent to the WCC) activates transcription of Rev-erba, encoding a repressor of the Bmal1 gene (Preitner et al, 2002) . Similarly, the Drosophila transcription factor dCLK/CYC activates transcription of vrille, encoding a repressor of dClk (Cyran et al, 2003; Glossop et al, 2003) . Regulation of the putative activator of wc2 is, however, different from the regulation of Rora and pdp1 in mice and flies, as its expression is independent of WCC. As FRQ is an inhibitor of Regulation and function of white collar 2 and its isoforms A. Neiss et al the WCC, it indirectly activates wc2 transcription by repression of the putative repressor, similar to PERs and CRYs in mice, and PER in flies, which inhibit the activity of CLOCK/BMAL1 and dCLK/CYC, respectively (Preitner et al, 2002; Cyran et al, 2003; Bae & Edery, 2006) . As the repressors REV-ERBa and VRILLE, and the activators RORA and PDP1 are not conserved between species, it will be difficult to identify their functional counterparts in Neurospora.
We have identified sWC2, an N-terminally truncated version of WC2 that is expressed under the control of the internal promoter P int-wc2 . Transcription by the upstream-located P wc2 interferes with P int-wc2 transcription. Accordingly, expression of sWC2 is high when expression of full-length WC2 is low, and vice versa.
Interestingly, the wc1 gene also contains an internal promoter that drives expression of sWC1, an N-terminally truncated, partly functional form of WC1 . The N-terminal portion of Neurospora WC2, consisting of MGS/TG repeats and a prolinerich region, is not conserved in WC2 proteins from different fungi ( supplementary Fig 3 online) . It is therefore not obvious whether and how the N terminus contributes to WC2 function. The antagonistic regulation of P wc2 and P int-wc2 might represent a failsafe mechanism to ensure that total WC2 levels do not decrease below a critical threshold. It seems likely that expression of sWC1 has a corresponding function.
METHODS
Strains and growth conditions. All strains carried the bd mutation (Loros et al, 1986) . Plasmid constructs were inserted into the his3 locus and strains were grown as described in the supplementary information online. Protein analysis. Protein was extracted from mycelia using previously described methods (Garceau et al, 1997) . Total protein (200 mg) per lane was subjected to SDS-polyacrylamide gel electrophoresis on 7.5% gels for FRQ and WC1, and 12% gels for WC2. Western blots were decorated with monoclonal antibodies against FRQ or affinity-purified rabbit antibodies against WC1 and WC2. Western blots were performed using enhanced chemiluminescence. To control uniform loading of the gels, nitrocellulose filters were stained with Ponceau S. RNA analysis. RNA was prepared using peqGOLD TriFAST TM (peqLab, Erlangen, Germany), reverse transcribed using the QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) and analysed by quantitative real-time PCR (Gö rl et al, 2001 ). 5 0 RLM-RACE was carried out according to the manufacturer's instructions (Ambion Inc., Austin, TX, USA; Invitrogen, Carlsbad, CA, USA). Race tube analysis. Race tubes were inoculated, germinated in constant light (LL) for about 24 h and transferred to DD at 25 1C. Race tubes were scanned and the conidial densities were quantified using the Chrono program (Roenneberg & Taylor, 2000) .
For further details, see the supplementary information online. Supplementary information is available at EMBO reports online (http://www.emboreports.org).
